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0RGLILHG&U0RPDWHULDO LVXVHGDVSULQFLSDO PDWHULDORIFRQVWUXFWLRQRI6WHDP*HQHUDWRUV6*IRU,QGLD¶VILUVWRI LWVNLQG
0:H3URWRW\SH)DVW%UHHGHU5HDFWRU 3)%57KHIDEULFDWLRQRI6WHDP*HQHUDWRUVLV FDUULHGRXWE\FRPELQDWLRQRIKRWZLUH
DQGFROGZLUH *DV7XQJVWHQ$UF:HOGLQJ*7$: SURFHVVHV(YHQWKRXJKZHOGVZHUHPHHWLQJWKHVSHFLILFDWLRQUHTXLUHPHQWV
OLPLWHG LQIRUPDWLRQ DYDLODEOH RQ KRW ZLUH *7$: SURFHVV LQ RSHQ OLWHUDWXUH PRWLYDWHG DXWKRUV IRU FKDUDFWHUL]DWLRQ RI ZHOGV
SURGXFHGXVLQJWKLVVSHFLDOL]HGWHFKQLTXH 7KHLPSDFWSURSHUWLHV DW&RI PRGLILHG&U0RZHOGVSURGXFHGE\KRWZLUH*7$:
SURFHVVLV IRXQG LQIHULRU FRPSDUHG WR ZHOGV SURGXFHG E\ FROG ZLUH *7$: SURFHVV 7KH SURSHUWLHV VXFK DV WHQVLOH VWUHQJWK
KDUGQHVV LPSDFWWRXJKQHVV DW& ZHUH IRXQGDOPRVWFRPSDUDEOHIRU WKH ZHOGV SURGXFHGE\ ERWKWKHZHOGLQJ SURFHVVHV 7KLV
SDSHUFKDUDFWHUL]HVWKH PLFURVWUXFWXUHDQG YDULRXVPHFKDQLFDOSURSHUWLHVRIPRGLILHG&U0R ZHOGV SURGXFHGE\ QDUURZ JDS
KRW ZLUHDQG FROGZLUH *7$:SURFHVVHV
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 ,QWURGXFWLRQ
)HUULWLFVWHHORIW\SHPRGLILHG&U0RJUDGHKDVEHHQVHOHFWHGIRU3)%56WHDP*HQHUDWRUVDVWKLVPDWHULDO
SRVVHVVHV KLJK UHVLVWDQFH WR VWUHVV FRUURVLRQ FUDFNLQJ LQ FDXVWLF HQYLURQPHQW DQG KDV H[FHOOHQW KLJK WHPSHUDWXUH
PHFKDQLFDO SURSHUWLHV 2QH RI WKH PDMRU SUREOHPV DVVRFLDWHG ZLWK ZHOGLQJ RI 0RGLILHG &U0R VWHHO LV SRRU
WRXJKQHVVRIZHOGPHWDOSURGXFHGIURPDQ\RIWKHSURFHVVHVWKDWLQYROYHVWKHXVHRIIOX[6.$OEHUWHWDOLQGLFDWHG
WKDWWKHLPSDFWSURSHUWLHVRIZHOGPHWDOSURGXFHGE\WKHSURFHVVHVWKDWLQYROYHVWKHXVHRIIOX[LVIDULQIHULRULQWKH





)LJ +RWZLUH*7$: 6\VWHP DQG3)%56WHDP*HQHUDWRUV
$VSHU3)%56WHDP*HQHUDWRUVSHFLILFDWLRQK\GURWHVWLQJLVDPDQGDWRU\UHTXLUHPHQWDWYDULRXVPDQXIDFWXULQJ
VWDJHVDQGWKHVHWHVWVKDVWREHFRQGXFWHGSUHIHUDEO\DWDPELHQWWHPSHUDWXUH7KLVUHTXLUHVERWKZHOGDQGEDVHPHWDO
PXVW SRVVHVV DGHTXDWH WRXJKQHVV DW DPELHQW WHPSHUDWXUH WR HQVXUH WKDW QR XQH[SHFWHG IDLOXUHV WDNH SODFH GXULQJ
K\GURWHVW $FFRUGLQJO\ XSSHU OLPLW IRU 571'7 5HIHUHQFH 7HPSHUDWXUH ± 1LO 'XFWLOLW\ 7UDQVLWLRQ KDV EHHQ
VSHFLILHGWREH &IRUERWKEDVHPHWDODQGZHOGLQJFRQVXPDEOHVXVHGIRUIDEULFDWLRQRI3)%56WHDP*HQHUDWRUV
7KHVSHFLILHGXSSHU OLPLW IRU571'7ZRXOGHQVXUH WKDW WKHUH LV QR ULVNRI IDVW IUDFWXUH LQ WKHFRPSRQHQWGXULQJ
K\GURWHVWDWDPELHQWWHPSHUDWXUH
*DV7XQJVWHQ$UF:HOGLQJ*7$:SURFHVVLVZLGHO\XVHGDVDIDEULFDWLRQWRROLQPDQ\LQGXVWULHVDVLWDOORZV
H[FHOOHQW FRQWURO RI URRW SDVV ZHOG SHQHWUDWLRQ DQG SRVVHVVHV YDULRXV DGYDQWDJHV VXFK DV ORZGLVWRUWLRQ GXULQJ
IDEULFDWLRQDVVRFLDWHGZLWKSURGXFWLRQRIKLJKTXDOLW\ZHOGV7KHPDMRUGLVDGYDQWDJHRIWKLVZHOGLQJSURFHVVLVORZ
GHSRVLWLRQUDWHZKLFKPDNHVLWKLJKO\XQHFRQRPLFDOIRUZHOGLQJFRPSRQHQWZLWKODUJHVHFWLRQWKLFNQHVV+RWZLUH












ZHOGPHWDOSURGXFHGE\KRWZLUH *7$:SURFHVV,QOLJKWRIWKLVIXUWKHUVWXGLHVKDYHEHHQ FRQGXFWHG WRILQGRXWWKH
WUHQGV RI PHFKDQLFDO SURSHUWLHV LQ YDULRXV SURGXFWLRQ WHVW FRXSRQV GXULQJ PDQXIDFWXUH ,Q WKLV SDSHU WKH
PLFURVWUXFWXUHDQG UHVXOWVRI YDULRXVPHFKDQLFDOSURSHUWLHVRIPRGLILHG&U0RZHOGVSURGXFHGE\QDUURZJDSKRW
ZLUHDQGFROGZLUH*7$:SURFHVVHV DUHGLVFXVVHGLQGHWDLO
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1RPHQFODWXUH
3)%5 3URWRW\SH)DVW%UHHGHU5HDFWRU *7$: *DV7XQJVWHQ$UF:HOGLQJ






3)%5 VSHFLILFDWLRQ ZLWK YHU\ VWULQJHQW DFFHSWDQFH FULWHULD 'XULQJ PDWHULDO SURFXUHPHQW DOO WKH SODWHV ZHUH
VXEMHFWHGWRWKRURXJK9LVXDO([DPLQDWLRQ/LTXLG3HQHWUDQW([DPLQDWLRQ/3(DQG8OWUDVRQLF([DPLQDWLRQ
8( ZLWK HDFK VFDQ RYHUODSSLQJ DW OHDVW  RI WKH SUHYLRXV VFDQ WR HQVXUH WKH VRXQGQHVV RI SODWH +LJK
WHPSHUDWXUHWHQVLOHWHVW&LVFDUULHGRXWLQDGGLWLRQWRWHQVLOHWHVWDWDPELHQWWHPSHUDWXUHRQWKHVSHFLPHQVRI
SODWHV WR HYDOXDWH DQG DVFHUWDLQ WKH SURSHUWLHV IRU VHUYLFH FRQGLWLRQV  ,Q DGGLWLRQ WKH SODWHVZHUH SURFXUHGZLWK
VLPXODWHGKHDWWUHDWHGDQGWHVWHGFRQGLWLRQPHHWLQJPHFKDQLFDOSURSHUWLHVZLWKDGGLWLRQDOVRDNLQJKRXUVGXULQJKHDW
WUHDWPHQW
(YHQ WKRXJK 6KLHOGHG 0HWDO $UF :HOGLQJ 60$: SURFHVV LV SHUPLWWHG DV SHU 3)%5 VSHFLILFDWLRQ 
*7$:SURFHVVDORQHLVDGDSWHGGXULQJIDEULFDWLRQWRPHHWWKHLPSDFWSURSHUWLHVRIZHOGV&RPELQDWLRQRIKRWZLUH
DQGFROGZLUH*7$:SURFHVVLVFKRVHQIRUIDEULFDWLRQEDVHGRQWKHSUDFWLFDOSRVVLELOLW\DQGIHDVLELOLW\7KHPP
WKLFN VKHOO ZHOGLQJ DURXQG WKH WXEH EXQGOH LV FDUULHG RXW E\  FROG ZLUH *7$: SURFHVV 7KH PP WKLFN
FRPSRQHQWZHOGLQJLVFDUULHGRXWE\FRPELQDWLRQRIDXWRPDWLFFROGZLUHDQGKRWZLUH*7$:SURFHVVDQGPP
WKLFN FRPSRQHQWV ZHOGLQJDUH FDUULHGRXWRQO\E\DXWRPDWLFKRWZLUH*7$:SURFHVVDVWKHDPRXQWRIZHOGPHWDO
WR EH GHSRVLWHG GXULQJ IDEULFDWLRQ LV KLJK(56% ILOOHUZLUH LV XVHG GXULQJ*7$:SURFHVV LQ DOO WKH DERYH
SURFHVVHV7KHW\SLFDOE\ZHLJKWRIFKHPLFDOFRPSRVLWLRQRI(56%ILOOHUZLUHDVSHU3)%5VSHFLILFDWLRQ
XVHG IRU ZHOGLQJ DUH&WR&UWR0RWR6LWR0QWR9 WR 1
WR1E WR6PD[3PD[1LWR,URQEDODQFH$VVKHOODVVHPEOLHVRI6WHDP
*HQHUDWRUVDUH LQVLWXZHOGHGDURXQG WKH WXEHEXQGOH LQKRUL]RQWDOFRQGLWLRQ WKHZHOGLQJ LVFDUULHGRXWRQO\IURP
RXWVLGHDVWKHUHLVQRDFFHVVWRFDUU\RXWZHOGLQJIURPWKHWXEHEXQGOHVLGH'XHWRWKLVOLPLWDWLRQWKHVKHOOMRLQW
:HOG(GJH3UHSDUDWLRQ:(3KDVRQO\VLQJOH9RU-W\SH :(3$IWHUIDEULFDWLRQHQWLUHPHWHUVOHQJWK6WHDP


















H[HFXWLQJ ZHOGLQJ RQ WKH DFWXDO MRE 7KH TXDOLILFDWLRQ WHVW FRXSRQV ZHUH VXEMHFWHG WR DOO WKH QRQGHVWUXFWLYH
H[DPLQDWLRQV DSSOLHG LQ IDEULFDWLRQ RI DFWXDO MRE 'XULQJ SURFHGXUH TXDOLILFDWLRQ ZHOG MRLQWV ZHUH VXEMHFWHG WR
WKRURXJKYLVXDO H[DPLQDWLRQ/LTXLG3HQHWUDQW([DPLQDWLRQ /3(5DGLRJUDSK\([DPLQDWLRQ 5(/RQJLWXGLQDO
DQGWUDQVYHUVHWHQVLOHWHVWDWDPELHQWWHPSHUDWXUHDVZHOODWKLJKWHPSHUDWXUH&EHQGWHVWV571'7&KDUS\
9 QRWFK LPSDFW WHVW KDUGQHVV VXUYH\ DQG PHWDOORJUDSKLF H[DPLQDWLRQ DW ; PDJQLILFDWLRQ IRU WKH FRPSOHWH
WUDQVYHUVHVHFWLRQRIWKHZHOG
3URGXFWLRQ7HVW&RXSRQV37&VZHUHZHOGHGIRUHYHU\PRISURGXFWLRQZHOGOHQJWKDGDSWLQJVDPHZHOGLQJ
SURFHVV SDUDPHWHUV RI SURFHGXUH TXDOLILFDWLRQ DQG MREZHOGV WR DVFHUWDLQ DQG FRQWURO WKH TXDOLW\ RIZHOGV GXULQJ
SURGXFWLRQ7KH37&VZHUHVXEMHFWHGWRDOOWKHGHVWUXFWLYHDQGQRQGHVWUXFWLYHH[DPLQDWLRQV	WHVWLQJFDUULHGRXW
GXULQJ ZHOGLQJ SURFHGXUH TXDOLILFDWLRQ  VHWV RI SURGXFWLRQ WHVW FRXSRQV ZHUH ZHOGHG XVLQJ FROG ZLUH *7$:
SURFHVVRQWKHPPWKLFNWHVWFRXSRQV7RWDOO\QXPEHUVRISURGXFWLRQWHVWFRXSRQVZHUHZHOGHGXVLQJKRWZLUH







WHQVLOH WHVWVZHUHFDUULHGRXWDW URRPWHPSHUDWXUHDVZHOO DWKLJK WHPSHUDWXUH&7KH WHQVLOH WHVWVSHFLPHQV
IURP WKH TXDOLILFDWLRQ FRXSRQV ZHUH WDNHQ IURP GLIIHUHQW ]RQHV WR FKHFN WKH FRQVLVWHQF\ DQG XQLIRUPLW\ RI WKH
SURSHUWLHV
0LFUR+DUGQHVV7HVW
7KH PLFURKDUGQHVV WHVWLQJ ZDV FDUULHG RXW DV SHU $670( XVLQJ 9LFNHUV KDUGQHVV WHVWLQJ PDFKLQH
'LDPRQG LQGHQWHU S\UDPLGZLWK IDFHDQJOHRI LVXVHG)RU WHVWLQJVDPSOHZDVSUHSDUHGXSWRPLUURU ILQLVK
DQGHWFKHGZLWK9LOOHOOD¶VUHDJHQWWRLGHQWLI\WKHZHOG +HDW$IIHFWHG =RQH+$= DQGEDVHPHWDO'XULQJWHVWLQJ




WHVW DVSHU$670(GXULQJZKLFK3 W\SH VSHFLPHQVZHUH VHOHFWHG$SSUR[LPDWHO\PPZLGHFUDFNVWDUWHU






HGJHVRIWKHWHQVLRQVXUIDFH 6XEVHTXHQWO\LPSDFWWHVW LVFDUULHGRXWDW.DERYH71'7DQGLPSDFWHQHUJ\ 
MRXOHVPLQLPXPDQGODWHUDOH[SDQVLRQ PPDERYHKDYHEHHQPHWDVSHU WKH VSHFLILFDWLRQUHTXLUHPHQW










0HWDOORJUDSKLF H[DPLQDWLRQ RIZHOGPHWDO LV FDUULHG RXW WR HYDOXDWH WKH VWUXFWXUH E\PHDQV RI D OLJKW RSWLFDO
PLFURVFRSH 0RGHO 1R 2/<0386 *; ) 6HULDO 1R %   7KH VXUIDFH WR EH H[DPLQHG IRU
PHWDOORJUDSK\LVSUHSDUHGLQLWLDOO\E\PLOOLQJDQGJULQGLQJ6XEVHTXHQWO\VDPSOHVXUIDFHLVSROLVKHGXVLQJHPHU\DW
DQGJULWSDSHUVDVSHU$670($IWHUHPHU\SROLVKLQJGLDPRQGSROLVKLQJLVGRQHWRREWDLQ
WKHPLUURU ILQLVKHG VXUIDFHZKLFK LV IUHH IURP VFUDWFKHV 3UHSDUHG VDPSOH LV HWFKHG WR UHYHDO WKH VWUXFWXUH XVLQJ
9LOHOOD¶VUHDJHQWHWFKDQWJPSLFULFDFLGPO+&OPO PHWKDQRO$IWHUHWFKLQJVDPSOHLVFOHDQHGLQUXQQLQJ






LV QRWHG WKDW ZHOG PHWDO KDV TXDOLILHG DOO WKH GHVWUXFWLYH WHVWLQJPHFKDQLFDO SURSHUWLHV DQG QRQGHVWUXFWLYH
H[DPLQDWLRQVDVSHUVSHFLILFDWLRQUHTXLUHPHQWVLUUHVSHFWLYHRIZHOGLQJSURFHVVLH&ROGZLUH*7$:SURFHVVRU+RW
ZLUH*7$:SURFHVV
+RZHYHUGXULQJ LPSDFW WHVWLQJ DW&  LWZDV IRXQG WKDW WKH WRXJKQHVVRIZHOGPHWDO SURGXFHGE\FROGZLUH
*7$:SURFHVVLVVXSHULRUWKDQWKHZHOGPHWDOSURGXFHGE\KRWZLUH*7$:SURFHVV7KHLPSDFWWRXJKQHVVYDOXH
REVHUYHGDW&IRUPPWKLFNTXDOLILFDWLRQWHVWFRXSRQZHOGHGXVLQJFROGZLUH*7$:SURFHVVLV-RXOHV7KH
LPSDFW WRXJKQHVVYDOXHREVHUYHG DW & IRU PP WKLFNTXDOLILFDWLRQ WHVW FRXSRQZHOGHGXVLQJKRWZLUH*7$:
SURFHVVZDV  -RXOHVZKLFK LV QHDUO\ KDOI WKH LPSDFW WRXJKQHVV YDOXH RI FROGZLUH*7$:SURFHVV+RWZLUH
*7$:SURFHVVTXDOLILFDWLRQWHVWFRXSRQZHOGHGLQPPWKLFNQHVVKDVIXUWKHUUHGXFHGWKHLPSDFWSURSHUWLHVWR
-RXOHV 7KH LPSDFW WRXJKQHVV YDOXH REVHUYHG DW & RQ GLIIHUHQW PP WKLFN TXDOLILFDWLRQ WHVW FRXSRQV ZHOGHG
XVLQJFROGZLUH*7$:SURFHVVIRXQG WREHHTXDODQGJUHDWHUWKDQ-RXOHV+RZHYHUWKHUHZHUHQRUHFRUGDEOH
YDULDWLRQVREVHUYHGLQWHQVLOHSURSHUWLHVDWDPELHQWWHPSHUDWXUHDVZHOODWKLJKWHPSHUDWXUH&IRUWKHZHOGV





SURFHVV WKH ZHOGLQJ RI PP WKLFN SURGXFWLRQ WHVW FRXSRQV ZDV FDUULHG RXW ZLWK DYHUDJH  QXPEHUV RI ZHOG
OD\HUV7KHDYHUDJHQXPEHURIZHOGOD\HUVGXULQJZHOGLQJRIPPWKLFNSURGXFWLRQWHVWFRXSRQVXVLQJFROGZLUH
*7$:SURFHVVZDV,QERWKWKHDERYHSURFHVVHVPPGLDPHWHUILOOHUZLUHZDVXVHGIRUURRWSDVV	VXEVHTXHQW
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RQHSDVVDQGPPGLDPHWHUILOOHUZLUHZDVXVHGIRUUHPDLQLQJDOOWKHSDVVHV'XULQJWKHFRXUVHRIPDQXIDFWXUH
ZHOGPHWDOLQWKHSURGXFWLRQWHVWFRXSRQVKDYHTXDOLILHGDOOWKHGHVWUXFWLYHWHVWLQJPHFKDQLFDOSURSHUWLHVDQGQRQ
GHVWUXFWLYH H[DPLQDWLRQV DV SHU WKH VSHFLILFDWLRQ UHTXLUHPHQWV LUUHVSHFWLYH RI ZHOGLQJ SURFHVV LH &ROG ZLUH
*7$:SURFHVV RU+RWZLUH *7$:SURFHVV 7KH IROORZLQJ SDUDJUDSK H[SODLQV WKH YDULRXV WHVW UHVXOWV RI ZHOGV
PDGHRQWKHPPWKLFNSURGXFWLRQWHVWFRXSRQVXVLQJFROGZLUH*7$:SURFHVVDQGKRWZLUH*7$: SURFHVV
)LJXUH DQG)LJXUH VKRZV WKHGLVWULEXWLRQRIKHDWWUHDWHGKDUGQHVVYDOXHVRIWKHZHOGVSHFLPHQVWDNHQIURP
FROG ZLUH *7$: SURFHVV DQG KRW ZLUH *7$: SURFHVV  ,W LV QRWHG WKDW KHDW WUHDWHG KDUGQHVV YDOXHV IRU WKH
VSHFLPHQVRIPPIURPWKHURRWRIWKHZHOGFHQWUHRIWKHZHOGDQGPPIURPIDFHRIWKHZHOGVZHUHIRXQGDOPRVW
FRPSDUDEOHIRUERWKFROGZLUH*7$:SURFHVVDQGKRWZLUH*7$:SURFHVVHV+RZHYHUWKHUHLVXQLIRUPWUHQGLQ












WDNHQ DORQJ WKH OHQJWK /RQJLWXGLQDO VSHFLPHQVZHUH IRXQGKLJKHU WKDQ WKH WHQVLOH VWUHQJWKYDOXHVRI VSHFLPHQV
WDNHQDORQJWKHWUDQVYHUVHGLUHFWLRQ7UDQVYHUVHVSHFLPHQVLQERWKWKHSURFHVVHV
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)LJXUH DQG )LJXUH VKRZV WKH UHVXOWV RI KLJK WHPSHUDWXUH WHQVLOH WHVW & FDUULHG RXW RQ WKH ZHOG
VSHFLPHQV WDNHQ IURPFROGZLUH*7$:SURFHVV DQGKRWZLUH*7$:SURFHVV  ,W LV QRWHG WKDW KLJK WHPSHUDWXUH




)LJXUH DQGILJXUH VKRZV WKHUHVXOWVRI9QRWFKLPSDFWWHVWFDUULHGRXWDW&RQWKHVSHFLPHQVWDNHQIURP














IRU WKHZHOG VSHFLPHQV SURGXFHG E\ FROGZLUH DQG KRWZLUH*7$:SURFHVVHV LW LV REYLRXV IURP ILJXUH DQG
ILJXUH WKDWUHFRUGDEOHYDULDWLRQV ZHUHIRXQGRQWKHLPSDFWVWUHQJWKDW&IRUWKHVSHFLPHQVWDNHQ PPIURPWRS
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RIWKHZHOGVDVZHOODVURRWRIWKHZHOG,UUHVSHFWLYHRIORFDWLRQRIWKHZHOGLWZDVIRXQGWKDWLPSDFWSURSHUWLHVDW
& DUH LQIHULRU IRU WKH ZHOG VSHFLPHQV SURGXFHG E\ KRW ZLUH *7$: SURFHVV HYHQWKRXJK UHTXLUHPHQWV DV SHU
VSHFLILFDWLRQDUHPHW




IDFLOLWDWHGHIIHFWLYH WHPSHULQJRI WKHZHOGEHDGVZKLFK LQ WXUQFDXVHGIRU LPSURYLQJ WKH LPSDFWSURSHUWLHVRI WKH





)LJXUH0LFUR VWUXFWXUHRIZHOGVDW; PDJQLILFDWLRQ D+RWZLUH*7$:ZHOGVSHFLPHQWDNHQ IURP WRS OD\HUE+RWZLUH *7$:ZHOG
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)LJXUHFDQGG VKRZVWKHWHPSHUHGPDUWHQVLWHVWUXFWXUHRIZHOGSURGXFHGE\FROGZLUH*7$:SURFHVV
DW ; PDJQLILFDWLRQ RQ WKH VSHFLPHQV IURP WRS DQG ERWWRP ZHOG OD\HUV UHVSHFWLYHO\ 'XULQJ PHWDOORJUDSK\
H[DPLQDWLRQ UHODWLYHO\ ILQH JUDLQV VWUXFWXUH LV REVHUYHG RQ WKH ZHOG VSHFLPHQV RI FROG ZLUH *7$: SURFHVV
FRPSDUHG WRZHOG VWUXFWXUHRI KRWZLUH*7$:SURFHVV/RZHUKHDW LQSXW WR WKHZHOGVGXULQJ FROGZLUH*7$:
SURFHVVKDVFDXVHG ILQHJUDLQV VWUXFWXUHZKLFK LQ WXUQ LPSURYHG WKH LPSDFWSURSHUW\ ,QDGGLWLRQ UHODWLYHO\PRUH
ILQH JUDLQ VWUXFWXUH RQ WKH ERWWRP ZHOG OD\HU LV REVHUYHG FRPSDUHG WR WKH WRS ZHOG OD\HU GXH WR WHPSHULQJ
SKHQRPHQRQDVH[SODLQHGHDUOLHU GXHWRZKLFKWKHLPSDFWSURSHUWLHVDW&DUHYDULHGDWWKHERWWRPSRUWLRQDVZHOO
DVWRSSRUWLRQRIWKH ZHOG5HIHUILJXUH6LJQLILFDQW FDUELGHSUHFLSLWDWLRQLVQRWVHHQLQWKHPLFURJUDSKVZKLFK
FRXOGDOVREH WKH UHDVRQ IRULPSURYHGWRXJKQHVVRIWKHZHOGVSURGXFHGE\FROGZLUH*7$:SURFHVV
 6WDWLVWLFDODQDO\VLVRISURSHUWLHVRIZHOGVSURGXFHGE\FROGZLUH*7$:DQGKRWZLUH *7$: SURFHVV
'XULQJLPSDFWWHVWLQJRIKRWZLUH*7$:ZHOGVSHFLPHQVVFDWWHUHGWHVWYDOXHVZHUHREVHUYHGDQGLWZDVQRWWKH
ULJKWFKRLFHWRFRQFOXGHWKHREVHUYDWLRQVEDVHGRQWUHQGVRIWHVWYDOXHVDQGPLFURVWUXFWXUH$VWKHUHZHUHVFDWWHUHG
YDOXHV RI IHZRI RWKHUZHOG SURSHUWLHV WRR LWZDV GHFLGHG WR HYDOXDWH WKH REVHUYDWLRQV RI YDULRXV WHVW UHVXOWV E\














:KHUH;F DQG;K  0HDQVRIZHOGSURSHUWLHVRIVSHFLPHQVSURGXFHGE\FROGZLUHDQGKRWZLUH*7$:SURFHVV
6F DQG6K  6WDQGDUGGHYLDWLRQVRIZHOGSURSHUWLHVRIVSHFLPHQVSURGXFHGE\FROGZLUHDQGKRWZLUH*7$:SURFHVV

















,PSDFW VWUHQJWKDW&PPIURPWRSRIZHOGLQ-RXOHV     

,PSDFWVWUHQJWKDW&5RRWRIWKHZHOGLQ-RXOHV     
,PSDFWVWUHQJWKDW&óWKLFNQHVV IURPWRSRIZHOGLQ-RXOHV     
+DUGQHVV 6SHFLPHQWDNHQPPIURPWKHURRWRIZHOGLQ9+1     
+DUGQHVV6SHFLPHQWDNHQIURPFHQWUHRIWKHZHOGLQ9+1     
+DUGQHVV6SHFLPHQWDNHQPPIURPIDFHRIWKHZHOGLQ9+1     
7UDQVYHUVHWHQVLOHVWUHQJWK DWURRPWHPSHUDWXUHORFDWLRQLQ03D     
7UDQVYHUVHWHQVLOHVWUHQJWKDWURRPWHPSHUDWXUHORFDWLRQLQ03D     
/RQJLWXGLQDOWHQVLOHVWUHQJWKDWURRPWHPSHUDWXUHLQ03D     
7UDQVYHUVH WHQVLOHVWUHQJWKDWKLJKWHPSHUDWXUH&LQ03D     
/RQJLWXGLQDOWHQVLOHVWUHQJWKDWKLJKWHPSHUDWXUH&LQ03D     
7KHSURSHUWLHVVXFKDVLPSDFWVWUHQJWKKDUGQHVVWHQVLOHVWUHQJWKZHUHFRPSDUHGIURPWKH WWDEOHRIVWDWLVWLFVDW
 FRQILGHQFH OHYHO $ FRQILGHQFH OHYHO RI  FRUUHVSRQGV WR D SUREDELOLW\ RI ILQGLQJ VLJQLILFDQW GLIIHUHQFH
EHWZHHQ WKH PHDQV RI WKH SURSHUWLHV RI ZHOGV SURGXFHG E\ FROG ZLUH *7$: DQG KRW ZLUH *7$: SURFHVV ,I
WHVWLPDWHGIDOOVZLWKLQWKHUDQJHRIWVWDWLVWLFDOWKHQLWFDQEHVDLGWKDWWKHUHLVQRGLIIHUHQFHH[LVWIRUWKHZHOGSURSHUWLHVRI
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FROGZLUH*7$:DQGKRWZLUH*7$:SURFHVVDWFRQILGHQFHOHYHO$FFRUGLQJO\ WKHZHOGSURSHUWLHVRIERWK
FROGZLUH*7$:DQGKRWZLUH*7$:SURFHVVDUHVDLGWREHUHOLDEOHDQGWKHUHVXOWVDUHDFFXUDWH
,W LV REYLRXV IURP WKH WDEOH WKDW DOO WKH SURSHUWLHV IDOO ZLWKLQ WKH LQWHUYDO RI WDEXODWHG YDOXH RI  DW D
FRQILGHQFHOHYHORIH[FHSWWKHLPSDFWSURSHUWLHVDW&IRUWKHVSHFLPHQVWDNHQIURPWKHURRWDVZHOODVIDFHRI
WKHZHOG7KHUHIRUHZLWKPRUH WKDQFRQILGHQFH OHYHO LW FDQEH VDLG WKDW WKHUHDUHJHQXLQHGLIIHUHQFH LQ WKH
LPSDFWSURSHUWLHVRIWKHZHOGVSURGXFHGE\KRWZLUH*7$:SURFHVVDQGFROGZLUH*7$:SURFHVVDW&DQGWKLVLV
QRW E\ FKDQFH6LPLODUO\ZLWKPRUH WKDQFRQILGHQFH OHYHO IURP WKH WDEOH LW FDQEH VDLG WKDW WKHUH DUHQR







JHQXLQH DQGDUHQRWE\FKDQFHDVSHU WKH FRPSDUDWLYHREVHUYDWLRQVPDGHLQWKHHDUOLHUSDUDJUDSKV
 &RQFOXVLRQ
,PSDFWSURSHUWLHVDW&IRUWKHPRGLILHG&U0RZHOGV SURGXFHG E\ KRWZLUH*7$:SURFHVVLVLQIHULRUFRPSDUHG
WRZHOGVSURGXFHGE\FROGZLUH*7$:SURFHVVHYHQWKRXJK WRXJKQHVV LVPHHWLQJ WKHVSHFLILFDWLRQUHTXLUHPHQWV
'XULQJ LPSDFW WHVWLQJ DW &  LW ZDV IRXQG WKDW WKH WRXJKQHVV RI ZHOG PHWDO SURGXFHG E\ FROGZLUH *7$:
SURFHVV DQG KRW ZLUH *7$: SURFHVV DUH QHDUO\ FRPSDUDEOH HYHQWKRXJK WKHUH DUH VFDWWHUHG YDOXHV H[LVW RQ WKH






WKHGHVLUHG LPSDFWSURSHUWLHV*UDLQVFRDUVHQLQJGXULQJKRWZLUH*7$:SURFHVVSHUKDSV WKHPDMRUFDXVH IRU WKH
SRRUWRXJKQHVVRIZHOGV7KHPRGLILHG&U0RZHOGVSURGXFHGE\KRWZLUH*7$:SURFHVVZLWKKLJKHUZHOGLQJ
VSHHG	PDQ\QXPEHURIZHOGOD\HUVZLWKUHGXFHGWKLFNQHVVRIHDFKZHOGOD\HUPD\UHGXFHWKHKHDWLQSXWZKLFK
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